Background: The therapeutic potential of cardiac m-opioid receptors in ischaemia-reperfusion (I/R) injury during opioidmodulating diseases, such as heart failure, is unknown. We aimed to explore the changes of cardiac m-opioid receptor
Editor's key points
Heart failure is associated with alterations in cardiac opioid expression, thereby modulating opioid-induced protection against myocardial reperfusion injury.
The role of cardiac m-opioid receptors during myocardial ischaemic protection in heart failure has not been elucidated. This study shows that heart failure induced by doxorubicin or coronary artery ligation increases cardiac mopioid receptor protein levels.
Heart failure further enhanced m-opioid receptormediated cardioprotection in an in vitro ischaemiareperfusion model, suggesting that disease conditions modulate the cardioprotective effects of opioids.
Heart failure is a leading cause of morbidity and mortality worldwide. 1 Patients with heart failure during surgery face a higher mortality rate because of exaggerated ischaemiareperfusion (I/R) injury. 2 Ischaemia preconditioning (IPC) can confer profound protection of the reperfused myocardium after ischaemia. 3 However, IPC-induced cardioprotection can be abolished in the presence of comorbidities such as hypertension, hyperlipidaemia, diabetes, and heart failure. 4e6 IPCinduced cardioprotection can be mimicked or blocked by opioid receptor agonists or antagonists, 7e10 suggesting that opioid receptor signalling plays a role in myocardial injury during ischaemia.
The opioid receptor family mainly comprises the three m-, d-, k-opioid receptor subtypes. 11 Previous studies have shown that dand k-receptors are expressed in adult myocardium across different mammalian species, 12, 13 but the detection of the m-opioid receptor in the adult heart has been very challenging because of absent or very low expression rates. 14e17 Several studies revealed up-or down-regulation of cardiac d-and k-opioid receptors in response to heart failure. 18e20 This cardiac opioidergic system alteration might modulate cardiac function during heart failure, but whether or not cardiac m-opioid receptors are altered in the progression of heart failure is still unknown.
To address this question, we here investigated various experimental approaches to detect the level of cardiac mopioid receptor in opioid-induced cardioprotection during chronic heart failure, and the involved downstream signal kinases of extracellular signal-regulated kinase (ERK) and glycogen synthase kinase (GSK)-3b.
Methods
This animal experimental study was designed according to the Animals in Research: Reporting In Vivo Experiments (ARRIVE) guidelines. 21 All experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals (NIH publication Number 85e23, revised 1996) and approved by the Institutional Animal Care and Use Committee of Anhui Medical University.
Animal model
Adult male Sprague-Dawley rats received doxorubicin (DOX; LC laboratories, Woburn, MA, USA) weekly via the tail vein over a period of 8 weeks to induce chronic heart failure as described before. 22 A second group of rats received an equal volume of normal saline (NS) as control. DOX-induced heart failure was confirmed by echocardiography, histological examination, and plasma brain natriuretic peptide (BNP) measurement as reported in the Supplementary material. Myocardial infarction was induced by ligation of the left anterior descending coronary artery (LAD), and post-infarction heart failure was confirmed 8 weeks after LAD ligation by echocardiography. 23 The adequacy of anaesthesia was assessed and confirmed based on the loss of righting reflex and non-response to tail and hind limb toe pinch in rats before and during surgery. For postoperative analgesia, buprenorphine (0.05 mg kg
À1
) was administered s.c. every 12 h for the first 3 postoperative days.
Detection of cardiac m-opioid receptors
Total RNA and proteins were extracted from ventricular myocardium of normal (NS) or failing (DOX) rats. Quantitative reverse transcription-polymerase chain reaction (RT-PCR) methods were performed to detect the mRNA concentrations of cardiac m-opioid receptors. The specific binding activity of cardiac m-opioid receptors was identified by radioligand binding assay.
Western blot assay was applied to observe the protein concentrations of cardiac m-opioid receptor in rats with DOX-induced or post-infarction heart failure. The co-localisation of cardiac mopioid receptors with a-sarcomeric actin (a-SA) or transient receptor potential vanilloid 1 (TRPV1) were examined by double immunofluorescence. Expanded methods are presented in the Supplementary material.
In vitro isolated heart experiments
All isolated rat hearts were stabilised for 15 min and subjected to 30 min ischaemia followed by 120 min reperfusion in a Langendorff apparatus. 
Results
A total of 401 rats were used in the study. Among these, 290 rats were injected with DOX and 195 survived at the end of the 8th week, with a mortality of 33%. Overall, 97 rats were injected with NS and all survived during the experiment. A total of 14 rats were used in preparing the post-infarction heart failure model, and two of them with LAD ligation were discarded because of unscheduled death. In the in vitro isolated perfused heart experiments, three normal hearts were excluded from the study because of left ventricular developed pressure (LVDP) <9.31 kPa (one rat) and serious arrhythmia (two rats) during the equilibration period, and 18 failing hearts were excluded due to LVDP<9.31 kPa (four rats), heart rate <70 beats min À1 (eight rats)
in the equilibration period, and cardiac arrest during reperfusion (five rats).
24,26
Up-regulation of cardiac m-opioid receptors in rats with heart failure Chronic DOX treatment for 8 weeks resulted in a significant left ventricular cardiac impairment (Fig. 1a) . The DOX-induced heart failure model was further confirmed by other cardiac parameters, pathological changes, and plasma BNP levels ( Supplementary Fig. 1aed ). We first used absolute quantitative
RT-PCR to examine the copy number of cardiac m-opioid protein in the normal one (Fig. 1c) .
Western blot results showed that the immunoreactive signal of m-opioid receptor protein was almost invisible in normal heart tissue, but apparent in all samples collected from DOXinduced failing rat hearts. The relative expression level of mopioid receptor protein in DOX failing hearts was substantially elevated by 6.1-fold from that of normal hearts (Fig. 1d) . We further tested the expressional levels of cardiac m-opioid receptor protein in rats with post-infarction heart failure. Ligation of LAD for 8 weeks induced heart failure in rats ( Supplementary   Fig. 3aec ). In these animals, the expression levels of cardiac mopioid receptor protein were increased by 3.5-fold compared with normal animals (Fig. 1e) .
Correlation of cardiac m-opioid receptors up-regulation with the development of heart failure Next, we examined and compared the time courses of cardiac dysfunction and m-opioid receptor up-regulation during chronic DOX treatment. While the value of left ventricular ejection fraction (LVEF) did not significantly differ from baseline levels at 1 week after DOX treatment, this value was substantially decreased at 8 weeks after DOX injection (Fig. 1f) .
Similarly, no significant alteration was observed in m-opioid receptor mRNA after 1 week of DOX treatment, whereas the mopioid receptor mRNA concentration was markedly elevated 8 weeks after DOX treatment (Fig. 1g ). There is a strong correlation between the up-regulation of cardiac m-opioid receptor and the value of LVEF (Fig. 1h, g¼À0 .68).
Cell-type specific localisation of cardiac m-opioid receptors in failing rat hearts
Immunohistochemical staining showed that there was almost no detectable staining of m-opioid receptors in the slices from normal ventricular myocardium. However, the positive expression of m-opioid receptors (brown colour) was observed in slices prepared from DOX-induced failing hearts (Fig. 2a) . We used double-immunofluorescence labelling to examine the co-localisation of the m-opioid receptor with a-SA, a marker specific for cardiomyocyte (Fig. 2b) , or TRPV1, a receptor expressed on cardiac sensory nerve terminals (Fig. 2c) .
Interestingly, the cardiac m-opioid receptors (red) were not colocalised with a-SA as indicated in green. Instead, the m-opioid receptors appeared to be predominantly co-expressed in TRPV1 positive cells (yellow).
m-Opioid receptor dependent cardioprotection in isolated failing hearts
To investigate whether the activation of cardiac m-opioid receptor could reduce myocardial I/R injury, the normal or DOXinduced failing rat hearts were pre-treated with DAMGO, the specific m-opioid receptor agonist. DAMGO significantly reduced I/R-caused infarct size, as indicated by infarct size/ area at risk (AAR), from 0.50 (0.04) to 0.25 (0.03) in failing rat hearts (Fig. 3a) . DAMGO also significantly inhibited the elevated LDH activity of the coronary effluents after 5 min reperfusion (Fig. 3c) . However, DAMGO did not significantly alter either the infarct size or LDH activity in the normal isolated rat hearts ( Fig. 3a and b) . On the contrary, pre-treatment with CTOP, a specific m-opioid receptor antagonist, abolished morphine-and remifentanil-induced reduction of infarct size (Fig. 3d) . The inhibitory effects of morphine and remifentanil on the elevated LDH activity in the isolated failing hearts were also completely prevented by CTOP ( Fig. 3e and f) . In all groups, the ratio of AAR to the volumes of left ventricle and right ventricle was not significantly different ( Fig. 4a and b) . Meanwhile, the haemodynamics parameters were not significantly altered between treated groups (Supplementary Tables S1 and S2 ).
m-Opioid receptor dependent enhancement of ERK and GSK-3b phosphorylation
To explore the specific pathway downstream of cardiac m-opioid receptor activation in isolated hearts, we first examined the effect of m-opioid receptor agonists on the phosphorylation levels of ERK1/2 and GSK-3b (Fig. 4a) . DAMGO preconditioning significantly increased the phosphorylation levels of both ERK1/ by linear regression, n¼18) . ANOVA, analysis of variance; DAMGO [D-Ala, 2 and GSK-3b in failing hearts but not in normal hearts (Fig. 4bed) . The phosphorylation levels of ERK1/2 and GSK-3b were also enhanced by morphine and remifentanil in failing hearts, and such enhancement was completely abolished by CTOP (Fig. 4eei) . The phosphorylation levels of these kinases did not significantly differ between CTOP alone and I/R groups (Fig. 5) .
ERK signalling dependent mechanism of m-opioid
receptor-induced cardioprotection
Next, we aimed to prove the causality between ERK1/2 phosphorylation and m-opioid receptor-induced cardioprotection in failing rat hearts. To do this, PD98059, the specific inhibitor of ERK pathway, was added before DAMGO administration. The results normal and failing hearts with or without DAMGO pre-treatment. The non-ischaemic area is stained in blue, area at risk (AAR) is in brick red, and infarct size (IS) is in white. Myocardial infarct size is expressed as a ratio of IS/AAR in normal and failing hearts (n¼6, **P<0.01, two-way ANOVA followed by Bonferroni's test). The coronary effluents were collected at baseline, 5 min, and 10 min after reperfusion from isolated (b) normal and (c) failing hearts, to measure the activity of lactate dehydrogenase (LDH). Each data point represents the average of mean (SEM) from six rats. **P<0.01 compared with control group by two-way repeated ANOVA followed by Bonferroni's test. (d) The m-opioid receptor antagonist CTOP reversed morphine and remifentanil-reduced IS/AAR in isolated failing hearts (n¼6, **P<0.01, *P<0.05, one-way ANOVA followed by Tukey's test). The reduction of LDH activities induced by (e) morphine and (f) remifentanil were reversed by the m-opioid receptor antagonist CTOP. Each data point represents mean (standard error of mean) from six rats. **P<0.01 compared with control group, #P<0.05 compared with morphine or remifentanil group by two-way repeated ANOVA followed by Bonferroni's test. ANOVA showed that DAMGO-reduced infarct size was abrogated by the pre-treatment of PD98059 (Fig. 5a) . Likely, DAMGO-induced decrease of LDH activities at reperfusion was restored by the addition of PD98059 (Fig. 5b) . In addition, the phosphorylation levels of both ERK1/2 and GSK-3b enhanced by DAMGO were markedly suppressed by the ERK inhibitor ( Fig. 5c and d) . However, the ratios of AAR/left ventricleþright ventricle ( Supplementary Fig. 4c ) and the haemodynamics parameters (Supplementary Table S3) were not altered between treated groups.
Differential roles of cardiac opioid receptor subtypes in opioid-induced cardioprotection with and without heart failure Finally, we compared in a parallel the efficacies of the antagonists selective for different opioid receptor subtypes in inhibition of remifentanil-induced cardioprotective effects in isolated normal and failing hearts. In line with previous observations, 24 the antagonists selective for d-(NTD) and k-(BNI), but not m-(CTOP) receptors inhibited the therapeutic effect of remifentanil on I/R injury in normal isolated hearts (left panel, Fig. 6a ). Conversely, CTOP was the most potent antagonist to inhibit remifentanil-induced limitation of infarct size in failing hearts (right panel, Fig. 6a) . A similar scenario was observed in remifentanil-induced reduction of elevated LDH activity at 5 min of reperfusion. While CTOP was completely ineffective in normal hearts (left panel, Fig. 6b ), CTOP was more potent than NTD and BNI to inhibit remifentanil-induced reduction of LDH in failing hearts (right panel, Fig. 6b) . Meanwhile, these opioid receptors alone did not affect infarct size or LDH release at reperfusion caused by I/R injury in both normal and failing hearts ( Supplementary Fig. 6a and b) . These observations favour The coronary effluents from isolated failing hearts were collected at baseline, 5 min, and 10 min after reperfusion to measure the activity of LDH. Each data point represents the average of mean (SEM) from six rats. **P<0.01 compared with control group, ## P<0.01 compared with DAMGO group by two-way repeated ANOVA followed by Bonferroni's test. (c) The ERK inhibitor PD98059 suppressed DAMGO-induced phosphorylation levels of ERK1/2 and GSK-3b in failing hearts. (d) The relative expression of p-ERK1/2 or p-GSK-3b was normalised to total ERK1/2 or total GSK-3b and b-actin. The value in control group was assigned as 1. Each bar graph represents the average of mean (SEM) from four rats. **P<0.01, *P<0.05 compared with control group, ##P<0.01, #P<0.05 compared with DAMGO group by one-way ANOVA followed by Tukey's test. ANOVA, analysis of variance; DAMGO [D-Ala, 2 N-MePhe, 4 Gly-ol],-enkephalin; PD, PD98059; ERK, extracellular signalregulated kinase; GSK3ß, glycogen synthase kinase; LDH, lactate dehydrogenase; SEM, standard error of the mean. a working hypothesis that cardiac m-opioid receptors promoted by chronic heart failure can contribute to opioid-induced cardioprotection against I/R injury via an ERK/GSK-3b signalling pathway (Fig. 6c ).
Discussion
Cardiac m-opioid receptors have been largely ignored for decades because of a near absence of these receptors expressed in normal adult heart tissue. The data presented in this study have shown for the first time that the levels of cardiac m-opioid receptor mRNA, protein, and ligand-binding activity were substantially elevated with the development of heart failure induced by DOX. The up-regulation of cardiac m-opioid receptor protein was also observed in another animal model of chronic heart failure induced by infarction after ligation of coronary artery. We have provided several lines of evidence to further suggest that these cardiac m-opioid receptors are a potential target for opioid therapeutic action in the treatment of myocardial I/R injury during DOX-induced chronic heart failure. Additionally, we have demonstrated that the cardioprotective effect mediated by cardiac m-opioid receptors is dependent on ERK/GSK-3b signalling pathway. DOX-induced chronic heart failure represents one popular animal model because DOX can produce dilated cardiomyopathy and heart failure in a progressive and permanent manner similar to the clinical pathological process of chronic heart failure in humans. 27, 28 Moreover, there are clinical reports suggesting that DOX, when used as an anticancer agent, can increase the risk of cardiac toxicity and postoperative myocardial injury. 29 In this regard, extra caution should be taken by anaesthesiologists to monitor perioperative cardiac function of the patients pre-exposure to DOX treatment. 30, 31 One interesting finding from this study is the dynamic upregulation of cardiac m-opioid receptors during chronic heart failure induced by DOX. In line with previous studies, It is notable that cardiac m-opioid receptors were co-localised with TRPV1 positive cells but not a-SA positive cardiomyocytes.
TRPV1 receptors are usually found in sensory nerve endings innervating the heart to detect tissue ischemia and activate cardiac nociceptors. 32 It has been proposed that the activation of peripheral opioid receptors may protect hearts through suppressing cardiac nociceptive signalling. 33 A similar scenario is also observed when morphine is applied via intrathecal microinjection. Activation of central m-opioid receptors can translate into phosphorylation of cardiomyocyte signalling through non-opioid neurotransmitters. 34 Unfortunately, the exact molecular process that converts activation of m-opioid receptors in the central and peripheral nervous system to phosphorylation of cardiomyocyte ERK/GSK3b remains elusive.
We performed myocardial I/R injury in isolated rat hearts by using the Langendorff perfusion system in order to preclude the involvement of extra-cardiac m-opioid receptors. Preconditioning with DAMGO significantly reduced myocardial I/R injury in the failing hearts but not in normal hearts, suggesting that the m-opioid receptors presented in failing hearts could confer efficient protective effects. More interestingly, the cardioprotective effects induced by morphine or remifentanil were markedly blocked by the antagonist specific for m-opioid receptor but not by the antagonists specific for d-or k-receptor in isolated failing hearts. These results indicate that cardiac mopioid receptors are a primary therapeutic target for opioidinduced cardioprotection during heart failure.
The reperfusion injury salvage kinase (RISK) pathway activated by exogenous cardioprotective agonists at early reperfusion is thought to be essential for cardioprotection. 35 The main components of the RISK pathway include phosphoinositide 3-kinase, protein kinase B (Akt), and ERK. Activation of these kinases is converged to the downstream GSK-3b, which suppresses the opening of mitochondrial permeability transition pore after being phosphorylated and thus inactivated. 36 DAMGO, morphine, and remifentanil preconditioning were found to promote ERK and GSK-3b phosphorylation in isolated failing hearts. Moreover, the cardioprotective effects of DAMGO were abolished via inhibition of ERK and GSK-3b
phosphorylation. These results strongly suggest that cardiac mopioid receptor-induced cardioprotection is dependent on the ERK/GSK-3b signalling pathway. There is always a limitation from using a single animal model or single species. Previous studies have shown that the pharmacological and signalling mechanisms of opioid cardioprotection may vary between different animals. 37, 38 The DOX-induced heart failure model may be relevant for cancer, but not be representative for other types of heart failure. In view of this, we tested and observed a similar upregulation of cardiac m-opioid receptor protein levels in rats with post-myocardial infarction heart failure. This model is thought to be more clinically relevant to the pathophysiological mechanism of human heart failure. 23 This is consistent with our finding in the DOX-induced animal model and suggests that cardiac m-opioid receptors can emerge as one primary therapeutic target during chronic heart failure induced through various pathological causes. Nevertheless, the isolated rat heart may not be representative of the in vivo situation. However, this system allows us to eliminate the influence from in vivo factors while exploring therapeutic targets within heart tissues.
In summary, we show a strong up-regulation of cardiac mopioid receptors with the development of chronic heart failure. These cardiac m-opioid receptors predominantly mediate opioid-induced cardioprotection via the ERK/GSK-3b signalling pathway. This is the first evidence, to our knowledge, showing that cardiac m-opioid receptor activation contributes to the reduction of myocardial I/R injury. A future investigation should be carried out to explore the possible therapeutic role of these cardiac m-opioid receptors in patients with heart failure. 
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